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SUMMARY

A newhigh-speedphotographictechniquehasbeendevelopedwhich
employsa variable-frequencylightsynchronizedwitha co?mnercially
available16-mi~imeterhigh-speedmotion-picturecamerawithoutappre-
ciablealterationsto the camera. Thetechniqueis describedandresults
obtainedby thistechniqueof photographingtheflowpastmodelsin a
windtunnelemployingthe schlierenmethodof flowvisualizationare
presented.Thephotographsshowthatthenewtechnique,throughthe
use of extremelyshortexposuretimes(about4 microseconds),provides
moresharplydefinedpicturesthroughoutthe flowfieldthanwere
obtainedby conventionaltechniques.

INTRODUCTION

Therehavebeenvariousadaptationsof high-speedmotion-picture
photographyto the solutionof theproblemof obtainingtimehistories
of rapidmotions(refs.1 to 7). Thesesolutionshaveinvolvedcompro-
misesbetweenexposuretime,timeintervalbetweenexposures,andtotal
durationof thetimehistoryrecorded.Generallyspeaking,the exposuxe
timeis inverselyproportionalto thefilmspeedor numberof framesper
second. In high-speedmotion-picturephotography,wherethetimeinter-
valbetweenrecordedpictxresisverysrdl or the numberof framesper
secondisverylarge(above10,000framesper second),the lengthof
filmis drasticallyreduced(seerefs.1, 4, and 6) becauseof mechan-
icaland structurallimitations.

In orderto obtainthetimehistoryof therapidgrowthor decay
of a particularmotion,themotionhasto be recordedwithextremely
shorttimeintervalsbetweenpicturesand,becauseof the resulting
shortfilmlength,theperiodof the coveredis extremelyshort. Fur-
thermore,severalseparaterecordsarerequiredto determinewhetherthe
particularmotionrecordedis a completecycleandtrulyrepresentative
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of all suchmotions.Experienceinaerodynamicinvestigations,however, s
has indicatedthatthemotionsencounteredoftenhavean over-allcyclic
charactersuchthat,eventhoughtheirfrequenciesmayvaryin somewhat
randomfashion,thenatureof themotioncanoftenbe adequatelydefined

*

whena largenumiberof exposuxesor a longtimehistoryis obtainedwith
moderatetimeintervalsbetweenexposures.The exposuetimeof eachof
thepicturestakenwithstandardcommerciallyavailablephotographic
equipment(see,forexample,ref.5),at fib speedsaround300frames
per second(exposuretimearound0.001seconds),producessomeblmring
of thosepartsof therecordedmotionwhichinvolveappreciabledisplace-
mentduringthe exposure.Thisdifficultyis accentuatedwhenlow ini-
tialcontrastwiththebackgroundoccurs.

Oneapproachto the solutionof thisproblemisthe self-
sy-nchronizingstroboscopicschlierensystemdescribedin reference8.

.,Thissystemuseda short-durationflashinglightthatwastriggeredby
an auxiliaryschlierensystememployinga phototubewhichcausedthe
lightto flashwhena givenlightdensityor changeoccurredon theface
of thetube. The systemwasfurthermodifiedto provideprogressive
timedelaysbetweenthe si~l andtheflashingof thelight,thereby
providingsomeinformationon the changeswithtime. The system,how-
ever,was limitedto cyclicphenomenaandrequiredthe sizeand shape
of eachdisturbanceto be nearlythe sameandalsorequiredthatthe
timehistoryof eachdisturbancebe approximatelythe sameforeach
cycle. The self-synchronizingstroboscopicsystem,therefore,precluded ,
thepossibilityof obtaininga straightforwardtimehistoryof a motion,
especiallya motioninvolvingvariationsin frequency.

A systemwas devisedduringthe year1951whereina 16-mi~imeter
.

moving-picturecaneralikethe onedescribedin reference5 wasmodified
to controlelectronicequipmentto providepulsingpowerto a mercury-
vaporlamp. The1- flasheswitha durationof approximatelyfo~ micro-
secondsanda frequencythatcoincideswiththe numberof framesper
secondof the camera.Thepurposeof thepresentpaperisto describe
thissystemandto presentsomephotographicresultsto illustratethe
mannerof itsfunction.

APPARATUS

The 16-mi~imetercamerawasmodifiedby theadditionof a generator
attachedto the cameradrivesystemas shownin figure1. Thegenerator
producessignalsto controltherateof flashingof the lightsource.
The electronicequipmentutilizedto producethevariable-frequencylight
is shownby a blockdia@wn infigure2. Wiringdiagramsof thevarious
componentsare shownin figures3 to 6. 9’
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L Camera.- The camerais a 16-mifltieterWesternElectricFastax
cemerainwhichthe internalrotatingprismthatactsas a shutterhas
beenretained.Theprismservesa dual.purpose:First,by shutter

. actiontheprismpermitscorrectadjustmentof phasingbetweensignal
andfilmpositionto placeproperlythe imageon the filmforprojec-
tion;second,therotatingprismopticallycompensatesforall.slight
variationsinthetimeintervalsbetweenthetimethe filmis in correct
positionandthelightflashes,inasmuchas theprismopticallymain-
tainsa trulyequl spacingbetweenpicturecenterson thefilm,or
providesregisterbetweenpictureformationandfilmfrsme.

The camerawasmodifiedby attachinga generatorto thefilmdrive
shaft(fig.1). Therotatingpartof the generatorconsistsof a cir-
cularsteeldiskon whichteethhavebeencut (fig.l(b)),eachtooth
correspondingto onefrmneof the film. Nearthe diskandon the drive
motorfrsmeismountedthe othercomponentof the generator,whichis a
pickupcoilwitha permanent-magneticcore(alsoin fig.l(b)). As the
cameraoperates,thetootheddiskrotatesand currentpulsesaregener-
atedinthe coilas eachtoothpassesthefaceof themagnet. Phase
controlbetweenopenpositionof the shutterandflashingof thelight
isprovidedby angularadjustmentof thepickupcoilwithrespectto the
tootheddiskon the cmneradriveshaft. The inducedcurrentpulsesin
the coilaretransmittedto thepulsesmplifier.

.s
Pulseamplifier.-Thepulsemapltiieris shownh figure3. The

inputsignalfromthe generatoris fed intothetransformer,which
increasesthevoltageof the approximatelysinusoidalgeneratorsignal.
The signalis furtheramplifiedinthe firststage(Vi)andthisampli-
ficationis accompaniedby distortionof the sigm.alwaveform. The
resultingsignalis fed intothe secondstage(V2)whichis a positive-
feedbackarrangementin theformof an overbiasedmultivibrator.This
stageproducesa squarewavehavinga highrateof riseandfall. The
squarewaveis convertedinthethirdstage(V3)intoa seriesof posi-
tiveandnegativepulses. The smplifier,however,isbiasedto satura-
tionandthe outputfromthethirdstageconsistsof positivepulses
only. Thesepositivepulseshavea riserateof about150voltsper
microsecond.The outputof thethirdstageis fed intoan impedance
converter(V4)whichprovideslow impedanceto allowthe signalpulses
to be transmittedthrougha coaxialcableto themodulator.

Modulator.-Themodulator(fig.4) containsthepowercondenser,a
hydrogenthyratrontube,andaccessoryequipment.Thepulsesignal
fromthepulseamplifieris fed intothemodulatorandcontrolsthe
rateat whichthethyratrontubedischargesthe condenser.The current
fromthepowercondenseris dischargedthrougha 1000-wattmercury-
vapor(H6)lampthatprovidesa variable-frequencylightas a sourceof
illuminationand,as previouslystated,thisPdSiIlg light iS SynChrO-*
nizedwiththe openposittonof the shutterof theFastaxcamera. The

.
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currentpathin thedischargecircuitismadeshortandreturned
to the cathodeof thehydrogenth~atrontubeto minimizeground

TN2949

directly ‘
currents

andradiationswhichmightaffectthepulseamplifierand causeerratic
operation.Thechokecoil(3microhenries),in serieswiththe lamp, .

ltiitsthepeakcurrentto protectthethyratrontube. Thepowercon-
denserhasa capacityof 0.2microfaradand is chargedto a voltageof
3 kilovoltsby thehigh-voltagepowersupply.

Powersupply.-For convenience,thehigh-voltagepowersupplywas
separatedintoa controlunit(fig.5) anda power-supplyunit(fig.6).
Thecontrolunitis separatedfromthepower-supplyunitso thatit can
be placedin a convenientlocationandcontainsswitches,meters,and
indicatorlamps. A circuitdiagramforthehigh-voltagepower-supply
unitis presentedin figure6. Thisunit,as shown,convertsalternating
currentat 110voltsintodirectcurrentat 3 kilovolts,whichisthe
chargingcurrentforthepowercondenserin themodulator.

The electricalandheatdissipatingcharacteristicsof themercury-
vaporlampfixthevoltageandlimitthemaximumaveragepowerinputto
the lamp. Witha sufficientlylargechargingrate,theaveragepower
deliveredto thelampat a constsmtvoltageisproportionalto theprod-
uct of thenumberof flashesper secondandthe capacityof the con-
denser.Thelamprequirements,therefore,necessitatea reductionin
the capacityof the condenserwithan appreciableincreaseof filmspeed
or numberof framesper secondwithan accompanyingdecreasein light
outputperflash.

*

RESULTSANDDISCUSSION

Twophoto~aphictechniques.-Movingpictureswereobtainedon
16-mi~imeterfilmof theflowpastmodelsmountedintheLangley4- by
19-inchsemiopentunnel.Flow~isualizationwas accomplishedby-using-
a schlierenopticalsystemin combinationwiththeequipmentpreviously
describedandwitha continuouslightsource.Thepictmes takenwith
a mercury-vaporlmnpoperatingcontinuouslyfroma direct-currentsupply
sourceareclassifiedas havingbeenobtainedby the conventionalor
continuous-lighttechnique.Consecutiveframesfromthe16-mi~tieter
moving-picturefilmobtainedby the continuous-lighttechniqueareshown
in figure7 at fourfilmspeeds,2000,3000,4000,and7000frsmesper
second.Theseconventionalhigh-speedphotographsshowthattheflow
pasta circularcylinderat a Machnumberof 0.65is veryindistinct
whenthefilmspeedis 2000framesper second(exposure,170microsec-
onds). As thefilmspeedis increased,thewakefromthemodelbecomes
moredistinctand is fairlywelldefinedat 7000framesper second
(exposure,50 microseconds).

.
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Picturesarepresentedin figure8 of theflowpastthe circular
cylinderobtainedunderconditionsidenticalto thoseof figure7,
exceptthatthevariable-frequency-lighttechniquewasused. These
pictures,takenat 300and 540framesper second,showthattheflow
throughoutthefieldis sharplydefined.Picturesof theflowobtained
by bothtechniquesarepresentedin figure9. A comparisonof the
resultsobtainedby the continuous-lighttechniqueat 7000framesper
secondwiththeresultsobtainedby thevariable-frequency-lighttech-
niqueat 300framesper secondindicatesthatthevariable-frequency-
lighttechniqueis far superior.The superiorityof thistechniqueis
evidencedby shar-plydefinedpicturesof theflow,not onlyinthewake
of themodel,but alsointhe regionaheadof themodelwheredisturb-
ancesgeneratedby thevorticesare seenupstreamfromthemodel. The
lackof sharpnessof detailin the continuous-lightphotographsas com-
paredwiththevariable-frequency-lightphotographscanbe ascribed
primarilyto thedifferencesin exposuretimebetweenthetwotechniques.
In the conventionalor continuous-lighttechniquethe exposuretimeis
inverselypropotiionalto thenumberof framesper secondandforfig-
ure 9 is roughly50 microseconds.Theexposuretimeforthevariable-
frequency-lighttechnique,however,is independentof thenumberof
framesper secondand is approximatelyk microseconds.Itraybe

observedinfigure7 thata factorof 3; in exposurethe betweenthe

7000-frmnes-per-secondandthe“2~0-frames-per-secondpictureshada
largeeffecton the sharpnessof detail.The sharplydefinedphoto-
graphsobtainedby thevariable-frequency-lighttechniqueas shownin
figure9 provethatthisnewtechniquewouldbe of valuein high-speed
schl.ierenphotographyforaerodynamicresearch.

Limitationson the newtechnique.-Thevariable-frequency-light
techniquehasbeenusedto observetheflowpastmodelsandto observe
the changesIntheflowthatoccurwithchangesin air speed. Inasmuch
as therateof changeof air speedwasmoderatelyslow,thetechnique
hasbeenappliedat lowfilmspeedsin orderto obtaina continuous
recordof theflowand itschangesovera reasonablerangeofMachnum-
bers. The systemas presentedin figures1 to 6, however,hasbeen
checkedto determinean upperlhnitof filmspeedsat whichsatisfactory
operationis obtained.Theresultsare illustratedby thepicturespre-
sentedof theflowpastan airfoilin figure10. Reliableoperationof
the equipmentwas obtainedat filmspeedsup to 750framesper second.
At filmspeedsin excessof 750framesper second,unsatisfactoryopera-
tionwas encountered.Theunsatisfactoryoperation,probablyattribut-
ableto operatingcharacteristicsof thelmnp,was of twotypes: Alter-
natepicturesor shortburstsof consecutivephotographsfollowedby
longperiodsof no pictureswereobtained.As an illustrationof the
lattertype,fourframesfroma shortburstat 2160framesper second
are showmin figure10. Thesefourframesweretakenfroma stripof
!0 framesfollowedby a blankof about150frames. Thiscyclewas
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repeated.A reductioninthe capacityof the condenserpermittedoper-
ationto filmspeedsof theorderof 1500to 2000framesper second
withoutlightskipping,butthe intensityof thelightwastoolowto
be photographicallyrecordedwhenthehighsensitivityof the schlieren
systemwas retained(focal-lengthto free-apertureratiowas 5.6). It
appearspossiblethattheequipmentusedinthevariable-frequency-light
techniquecanbe developedfurtherforapplicationto schlierenphotog-
raphyat filmspeedsapproaching1500framesper second.

Otherapplications.-Theuse of a variable-frequency-lighttech-
niqueinthe schlierenphotographyof airflowis onespecificapplica-
tion. Thebasictechnique,however,canbe appliedto otherstudies
whereinrapidmotionsareencounteredandextremelyshortexposuretimes
(4microseconds)arerequiredto stopthemotionforpurposesof analy-
sis. The systemas previouslydiscussedusesonlya smallportionof
thetotallightoutputof themercury-vaporlampfor itsapplicationin
a schlierensystem.Formanyotherapplications,thetotallightoutput
fromthis1000-wattlampwouldprovidesufficientillumination;however,
whenaddit~onallightis neededandmultiplelightsourcesareappli-
cable,additionallightcanbe obtainedby duplicatinga partof the
modulatorby providingan additionalcondenserandthyratrontubeto
operatean additionallamp. Thebasiccircuitisbelievedto be adequate
to operateseveralthyratrontubesandthereforeserveseverallamps
operatingsimultaneously.

CONCLUDINGREMARKS

A newhigh-speedphotographictechniquehasbeendevelopedwhich
employsa variable-frequencylightsynchronizedwitha commercially
available16-mi~imeterhigh-speedmotion-picturecamerawithoutappre-
ciablealterationsto the camera.ThetechniqueIs describedandresults
obtainedby-thistechniqueof photographingtheflowpastmodelsin a
windtunnelemployingthe schlierenmethodof flowvisualizationare
presented.Thephotographsshowthatthenewtechnique,throughthe
use of extremelyshortexposuretimes(about4 microseconds),provides
moresharplydefinedpicturesthroughouttheflowfieldthanwere
obtainedby conventionaltechniques.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,February25,1953.
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